Objective: To compare the plaque composition between stable and unstable plaques, characterize unstable plaque by using iMap-intravascular ultrasound (IVUS), and quantify the diagnostic criteria for unstable plaque. Methods: Thirty-three acute coronary syndrome (ACS) patients who had undergone coronary angiography and IVUS from February 19, 2014 to December 19, 2014 at Peking University People's Hospital were enrolled in the study. Baseline data were collected. The patients were divided into two groups according to their gray-scale IVUS imaging, stable plaque and unstable plaque. A difference-in-difference evaluation was performed using the baseline data and off-line iMap imaging results between the two groups. A receiver operating characteristic (ROC) curve was constructed to obtain the optimal cut-off value to diagnose unstable plaque. Results: Percentages of fibrotic and necrotic tissues, absolute values of lipidic, necrotic, and calcified tissues, and plaque burden were independent predictors for unstable plaque. Absolute necrotic area was the best predictor and exhibited the highest diagnostic value for plaque vulnerability (area under the curve (AUC)=0.806, P=0.000, 95% CI (0.718, 0.894)). The cut-off score for predicting unstable plaque was 4.0 mm 2 . Conclusions: This study attempted to propose a cut-off value based on absolute necrotic area using iMap-IVUS to predict plaque vulnerability in patients with ACS. This score might provide a valuable reference for diagnosing unstable plaque.
Introduction
Sudden ruptures of unstable plaques with a spontaneous thrombosis and consequential interrupted blood flow are characteristics of acute coronary syndrome (ACS) (Fernández-Ortiz et al., 1994) . Previous pathological studies showed that most plaques ruptured in ACS are characterized by a thin-capped fibroatheroma (TCFA) with a large necrotic core (Burke et al., 1997) . Yamada et al. (2007) demonstrated that plaque vulnerability is associated with several factors such as attenuation plaque, echolucent or hypoechoic plaque, spotty calcium, thrombosis, and plaque remodeling. Intravascular ultrasound (IVUS) is a widely used standard invasive method to diagnose coronary artery diseases. However, the use of regular IVUS for diagnosis of plaque vulnerability is limited because of at least two reasons: firstly, regular IVUS cannot accurately assess plaque components (Potkin et al., 1990) ; secondly, to determine vulnerability on gray-scale IVUS images requires well trained physicians with special expertise in the field. The new technology of IVUS, iMap-IVUS (Boston Scientific Corp., Fremont, CA, USA), provides a new approach for assessing plaque vulnerability. This system is a spectral analysis of IVUS with a 40-MHz radio frequency system, able to assess the components and tissue characterization in detail such as fibrotic, lipidic, necrotic, and calcified tissues. Using such a feature of iMap we should be able to distinguish different tissue components of a plaque and then predict the plaque instability. However, there is no quantitative scale of iMap imaging for diagnosing unstable plaque. Thus, the aims of this study are to establish and quantify the diagnostic criteria of unstable plaque based on iMap images, simplify the diagnostic process, and provide a userfriendly tool for clinicians.
Materials and methods

Study population
Thirty-three ACS patients underwent coronary angiography (CAG) and iMap-IVUS examination at Peking University People's Hospital (Beijing, China) from February 19, 2014 to December 19, 2014 . Exclusion criteria include: contraindications to clopidogrel or aspirin, total occlusion lesion, cardiac shock, and presence of cardiomyopathy, severe anemia, severe renal inadequacy, and malignant tumor.
Coronary angiography procedure
Prior to the CAG procedure, the patients were either administered with 100 mg/d of aspirin and 75 mg/d of clopidogrel for at least a week or 300 mg of aspirin and 300 mg of clopidogrel once. CAG was performed after treatment with intravenous unfractionated heparin by using Philips Allura Xper FD10 or Philips Allura Xper FD20 (Philips Healthcare, Best, the Netherlands). CAG was operated based on the American College of Cardiology/American Heart Association guidelines.
IVUS imaging and analysis
All 33 patients received intracoronary administration of 100-200 μg of nitroglycerin before IVUS was conducted. iMap was used with a 40-MHz IVUS catheter (Atlantis SR Pro., Boston Scientific, Natick, MA, USA) to collect data. Imaging results were acquired from beyond the target lesion and rendered with a motorized catheter pullback system set at a speed of 0.5 mm/s. IVUS data were stored on a hard disk for later offline analysis.
Two independent analysts quantitatively analyzed gray-scale IVUS images based on the criteria of the American College of Cardiology Clinical Expert Consensus Document on IVUS. Lesions were qualitatively analyzed with QIvus (iMap Basic Viewer 2.1.32.0, Medis medical imaging systems bv, Leiden, the Netherlands). If the plaque was marked by at least one of the following, we catalog the plaque as unstable: (1) plaque rupture, (2) attenuated plaque, (3) echolucent or hypoechoic plaque, (4) microcalcification, (5) thrombosis. Otherwise, the plaque was determined as stable. External elastic membrane (EEM) and lumen cross-sectional area (CSA) were measured using iMap. Plaque burden was calculated as the ratio between plaque CSA (EEM minus lumen CSA) and EEM. iMap-IVUS analysis classified plaques into four color-coded components (green, yellow, red, and blue for fibrotic, lipidic, necrotic, and calcified tissues, respectively). The absolute plaque area and percentage of each tissue component were measured using QIvus. The results in continuous three frames of minimum lumen area (MLA) were recorded. Plaque with acoustic shadowing area and severe calcification or wire artifact was unsuitable for analysis and thus automatically removed.
Statistical analysis
Continuous variables are shown as mean± standard deviation (SD), and discrete variables are presented as numbers and percentages. Differences between the group means were assessed by the independent Student's t-test. The categorical data were compared using chi-square statistics.
Receiver operating characteristic (ROC) analyses were conducted to evaluate the best predictor of unstable plaque. The maximum Youden index (sensitivity+specificity−1) was considered as the optimal cut-off value. A comparative test of multiple correlation detection methods was carried out for multiple thresholds to verify the discriminant effect of the optimal cut-off value (DeLong et al., 1988) .
A two-sided P-value of <0.05 was adopted for statistical significance. The data were analyzed using SPSS 17.0.
Results
Patient characteristics
Thirty-three patients were enrolled in the study. Among them, 3 patients had ST-segment elevation myocardial infarction (STEMI), 3 patients had non-STEMI, and 27 patients had unstable angina. Table 1 shows the baseline characteristics of the study population.
Gray-scale IVUS was performed, and 45 lesions were diagnosed from 33 patients. The subjects were divided into stable plaque (n=12) and unstable plaque (n=33) groups according to their gray-scale IVUS imaging. Three continuous frames were analyzed in MLA (n=135). Twenty-six frames (19%) were selected as the validation group, and the other 109 frames (81%) were the test group. In the test group, 29 and 80 frames were stable and unstable plaques, respectively. Baseline patient characteristics of the two groups are shown in Table 2 . The body mass index (BMI) and fasting blood glucose were higher in the unstable plaque group than in the stable plaque group (P=0.006 and P=0.009, respectively). Patients with diabetes mellitus (DM), prior myocardial infarction (MI), prior percutaneous coronary intervention (PCI), and family history were higher in the unstable plaques group, whereas total cholesterol and low-density lipoprotein (LDL)-cholesterol were higher in the stable plaque group.
iMap-IVUS findings
The ROC curve was used to detect and identify plaque instability predictors among variables given by iMap, which are summarized in Table 3 . It has been reported previously that the absolute lipidic, necrotic, and calcified areas, as well as percentages of fibrotic and necrotic tissues, and plaque burden can be used to predict plaque instability. The aforementioned parameters were evaluated using multiple detection methods (Tables 4 and 5 ). We concluded that the absolute necrotic area was the most indicative predictor to detect plaque vulnerability.
Youden index (sensitivity+specificity−1) maximum value was selected as the optimal cut-off value, and the optimal value was 4.0 mm 2 . When the absolute necrotic area was larger than 4.0 mm 2 , the plaque was diagnosed as unstable plaque. Based on previous reports, it became apparent that the absolute necrotic area was the most relevant predictor to indicate plaque instability (Fig. 1). 
Verification
The cut-off values were divided into test, verification, and whole groups for verification (Table 6 ).
Discussion
As is well known, the unstable plaque, also called vulnerable plaque, plays an important role in ACS. With the development of endovascular techniques, the positive detection rate of unstable plaque has greatly improved. IVUS is currently considered as a promising technique used to detect plaque vulnerability (König and Klauss, 2007) . Gray-scale IVUS images not only reveal the changes of the vessel lumen but also show the vascular wall structure. (Stone et al., 2011) . iMap is a new software package used to assess plaque composition by using a backscattered ultrasound frequency spectrum, sampled with a 40-MHz IVUS catheter. Given that VH-IVUS and iMap are two different IVUS-based tissue characterization systems, the VH criterion may not be directly applicable in the interpretation of iMap data (Sathyanarayana et al., 2009; Shin et al., 2011) . The results in the present study showed that the BMI was higher in unstable plaque than in stable plaque, as well as the incidence rates of DM, old MI, past PCI, and coronary heart disease family history. Meanwhile, laboratory examination results suggested that fasting blood glucose was higher in unstable plaque than in the stable plaque, which is consistent with previous studies (Araki et al., 2013) . Nasu et al. (2008) evaluated the characteristics of atheromatous plaque in 90 patients with VH-IVUS. Compared with non-diabetic patients, the proportion of necrosis core (11.0% vs. 7.6%, P=0.03) and dense calcified tissue (5.6% vs. 2.9%, P=0.01) in DM patients significantly increased. Despres et al. (2001) showed that the high BMI, high rate in coronary heart disease, and high death risk from coronary disease are related to obesity, lipid, and glucose metabolism. Yla-Herttuala et al. (1994) have also demonstrated that cholesterol, especially LDL-cholesterol, has a vital role in atherosclerotic plaque formation and plaque vulnerability. However, in the present study, total cholesterol ((3.65±0.95) mmol/L vs. were lower in unstable plaque than in stable plaque, which was inconsistent with the former studies. This result is explained by the usage discrepancy of statin. The percentage of statin use was significantly greater in the unstable plaque group than in the stable plaque group (56% vs. 31%, P=0.020).
In the current study, the absolute lipidic, necrotic, and calcified areas, percentages of fibrotic and necrotic tissues, and plaque burden could predict plaque vulnerability and exhibit better diagnostic value and accuracy. Previous iMap studies showed that high percentages of lipidic, necrotic, and calcified tissues and large plaque burdens seem related to plaque vulnerability (Araki et al., 2013) . Kozuki et al. (2013) evaluated 93 culprit lesions from 87 patients by using iMap. The feasibility of iMap technology is confirmed by comparing plaque characteristics in ACS and non-ACS patients. Furthermore, ACS patients exhibited larger lipid and necrotic areas than non-ACS patients. Multivariate analysis showed that the lipidic region was the independent factor (OR=1.5, P=0.04). Similarly, Trusinskis et al. (2013) analyzed 63 STEMI patients with culprit and non-culprit arteries using iMap. A higher percentage of necrotic tissue was found in the culprit lesion than in the non-culprit lesion. However, a comparatively high percentage of necrotic tissue was observed in culprit lesions proximal to the non-culprit from the index procedure by iMap IVUS ((31.9±10.0)% vs. (27.8±11.8)%, P=0.012). Araki et al. (2013) used iMap in 174 vessels from 146 stable angina pectoris patients. The patients were divided into two groups based on a remodeling index: positive remodeling group (PR; remodeling index >1.0) and a non-positive remodeling group (non-PR; remodeling index ≤1.0). The results showed that more attenuation plaques were observed in the PR group than in the non-PR group (40.8% vs. 12.1%, P<0.0001). In the PR group, the percentages of lipidic and necrotic areas at the MLA sites were greater (7.22% vs. 6.03%, P<0.05 and 22.08% vs. 14.71%, P<0.001, respectively), whereas that of the fibrotic area was smaller (54.82% vs. 61.42%, P<0.05).
The present study revealed that the absolute necrotic area was the most indicative predictor for predicting plaque vulnerability, and the optimal cut-off value was 4.0 mm 2 . The cut-off value was verified and showed that the sensitivity and specificity were high. The optimal cut-off value had a high positive predictive value, which suggested that intensive therapy was needed when the plaque absolute necrosis area >4 mm 2 . However, the negative predictive value was low. The possible reasons include the following: the absolute necrosis area is associated with vessel and plaque areas, and the sample size of this study is small, and thus more cases are required to confirm these findings.
Limitations
This study has several limitations. Firstly, it is a single-center retrospective analysis with a small sample size; thus, selection bias cannot be completely avoided. The follow-up time was short. Secondly, the average follow-up time with the 33 patients was (254.7±87.4) d. Only three patients had recurring angina pectoris, and no major adverse cardiovascular events (MACEs; i.e. cardiac death, nonfatal myocardial infarction, or target lesion revascularization) occurred. Given the short follow-up time, the number of incidences of clinical event was low; thus, the correlation between the unstable plaque and the clinical events could not be analyzed. The follow-up duration should be extended and provide more information for the MACE rate. Thirdly, several plaque areas were unsuitable for analysis because of calcification and guide-wire artifacts. Finally, analyzed lesions constituted only a small portion of the entire coronary arterial system; not all patients had undergone PCI.
Conclusions
This study attempted to propose a cut-off value based on absolute necrotic area using iMap-IVUS to predict plaque vulnerability in patients with ACS. This score might provide a valuable reference for diagnosing unstable plaque.
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